Bismuth has been the key element in the discovery and development of topological insulator materials. Previous theoretical studies indicated that Bi is topologically trivial and it can transform into the topological phase by alloying with Sb. However, recent high-resolution angle-resolved photoemission spectroscopy (ARPES) measurements strongly suggested a topological band structure in pure Bi. To address this issue, we study the band structure of Bi and Sb films by ARPES and first-principles calculations. By tuning tight binding parameters, we show that Bi quantum films in topologically trivial and nontrivial phases response differently to surface perturbations. Therefore, we establish an experimental criterion for detecting the band topology of Bi by spectroscopic methods. In addition, our circular dichroic photoemission illuminates the rich surface states and complex spin texture of the Bi(111) surface.
INTRODUCTION
Bi and Sb have played the pivotal role in designing and developing topological condensed matter phases with protected electronic states, which can be largely attributed to their unique electronic properties, especially the strong spin-orbit coupling [1] [2] [3] [4] [5] 23] . The electronic structure of Bi and Sb has be measured in several experiments by angle-resolved photoemission spectroscopy (ARPES) [7] [8] [9] [10] [11] [12] [13] [14] [15] . The first-ever three dimensional topological insulator (TI) has been realized in the Bi 1−x Sb x alloy [16] [17] [18] [19] . Both Bi and Sb are semimetals with a negative band gap which separates the conduction and valence bands everywhere in the Brillouin zone. This separation of the conduction and valence bands enables a definition of Z 2 topological invariant for Bi and Sb. Sb has been identified to be a semimetal with the same band topology as the alloy TI, whereas Bi doesn't belong to the topological phase according to previous theoretical studies [20, 21] . The topological distinction between the two elements originates from a band inversion at the L point. The two low-energy conduction and valence bands possess opposite parity eigenvalues at L, and thus a band inversion leads to a change in the band topology [22] . The closure of the L gap has been reported in early transport experiments on Bi-Sb alloys [24, 25] . However, this experimental result is not enough to determine the band topology of Bi and Sb, because the band topology of Bi and Sb depends on the band ordering around the L gap. Recent high-resolution ARPES experiments examined the bulk and surface bands of Bi and strongly suggested a nontrivial band topology in pure Bi [26] [27] [28] . If Bi and Sb were both topologically nontrivial, then there would be no need to close the band gap for the realization of the alloy TI. This is a fundamental issue related to the parent compounds of the very first TI. The decisive evidence for Bi band topology is the parity eigenvalues of the bulk bands at L, however this has not yet been conclusively probed in spectroscopic measurements [26] . Therefore, there is a pressing need for a practical route to determining the band topology of Bi.
In this work, we study the band structure of both Bi and Sb by a combined method of molecular beam epitaxy (MBE), APRES and first-principles calculations. Our photoemission measurements show that Sb is topological in film forms. For small film thicknesses (≤ 21 atomic layers), the surface band of Bi thin films connect to the bulk bands in the same way as in Sb films. Our simulations, however, show that the connection pattern of surface bands with bulk quantum well states alone cannot pin down the true band topology of Bi, because 3 the quantum confinement in thin films can open a hybridization gap at L. Interestingly, the surface band dispersion of topological and non-topological films response to surface perturbations in dramatically different ways. The difference in surface band behaviors of thin films roots in the topological property of bulk bands and this feature can be straightforwardly examined by spectroscopic techniques such as ARPES. Therefore, we establish an experimental criterion for directly detecting the topology invariant of pure Bi. Moreover, Bi has been considered an ideal spintronics material for its unique spin texture, small Fermi wavevector, and rich surface electronic states. We perform circular dichroism photoemission, a tool sensitive to spin-polarized surface states, on Bi(111) films. The results unambiguously identifies these essential ingredients of the Bi(111) surface for spintronics applications.
EXPERIMENTAL AND COMPUTATIONAL METHODS
For the sample growth, an n-type Si(111) wafer (Sb-doped with a resistivity ∼ 0.01 Ω·cm) was used as the substrate. It was cleaned by direct current heating to yield a 7×7 reconstructed surface [29, 30] . Bi and Sb were deposited onto the substrate maintained at 60 K.
For Sb films, a 1/3-layer Bi was introduced onto the Si substrate before the deposition of Sb to ensure the smoothness of epitaxial Sb films [31, 32] . The amount of deposition was measured by a quartz thickness monitor. The film after deposition was disordered based on in situ electron diffraction. Annealing was performed by passing a current through the sample to optimize the structural quality of films. Photoemission measurements of the band structure were performed at the Synchrotron Radiation Center using 22 eV photons and a Scienta SES-100 analyzer. The energy and momentum resolutions were 15 meV and 0.01 A −1 , respectively. The base pressure of the ARPES measurement was better than 10
Torr.
First-principles band structure calculations were performed using the projector augmented wave method [33] as implemented in the VASP package [34] within the generalized gradient approximation (GGA) schemes. 11×11×11 and 11×11×1 Monkhorst-Pack k-point meshes with an energy cutoff of 400 eV were used in the bulk and slab calculations, respectively. The spin-orbit coupling effects were included self-consistently. To calculate the surface electronic structures with a semi-infinite slab, we first constructed a tight-binding Hamilton for Bi and Sb from first-principles results. The tight-binding matrix 4 elements were calculated by the projection of Wannier orbitals [35] which were obtained by the VASP2WANNIER90 package [36] . The surface states were then calculated from the surface Green's function of the semi-infinite system [37] .
BAND STRUCTURE AND TOPOLOGY OF BISMUTH AND ANTIMONY
Bulk Bi and Sb crystalize in the rhombohedral structure shown in Fig. 1(a) . The lattice is composed of two interpenetrating, diagonally distorted face-centered-cubic (FCC) sublattices with two atoms per unit cell. The lattice constants in our calculations were adopted from Ref. [22] . The bulk Brillouin zone of the rhombohedral lattice is given in Fig. 1(b) with high-symmetry momentum points marked explicitly. The crystal structure can also be viewed as hexagonal atomic layers stacked along the (111) direction. The interlayer interaction is much weaker than the covalent bonds within each layer, making (111) films behave like van der Waals materials. This picture is confirmed by the fact that Bi is brittle and easily cleaves along the (111) plane. The projected (111) surface Brillouin zone is plotted in Fig. 1(b) . Both Bi and Sb are semimetals with a small overlap between the valence and conduction bands (see Fig. 1(c) ). The standard PBE-type GGA pseudopotentials were employed in our band structure calculations. The bulk band structure of Bi and Sb from our simulations is consistent with previous tight-binding and first-principles results. The dominant feature of Bi and Sb bulk band structures close to the Fermi level is the small electron and hole pockets on the Fermi surface, which determine the low-energy electron dynamics of these materials. The electron pocket is located at point L (for both Bi and Sb) while the hole pocket lies at point T (for Bi) or a non-high-symmetry point (for Sb).
Interestingly, there is a continuous band gap traversing the whole Brillouin zone. In other words, the conduction and valence bands are separated by this band gap everywhere in k space, which allows an unambiguous definition of the Z 2 topological invariant in the same way as the Z 2 invariant of topological insulators [20] . The crystal lattice of Bi and Sb are centrosymmetric, therefore the topological invariant can be determined by examining the parity eigenvalues of valence states at time-reversal invariant momentum (TRIM) points [20] . We found that the Z 2 topological index of Sb is 1 whereas the Z 2 number of Bi is zero.
This agrees with previous theoretical works [20, 21, 31, 37] . To view this topological distinction between Sb and Bi intuitively, we also calculated the Wannier charge center evolution 5 for the time-reversal invariant planes [38] . The result is displayed in Fig. 1 plane for Sb and Bi, respectively, which indicates that Sb is a "strong" topological material while Bi is not. The change in the band topology is brought about by a band inversion at the L point [20, 21] . We note that thought first-principles calculations indicate that Bi is topologically trivial, there is no conclusive experimental evidence for this theoretical conclusion. The critical information is the parity eigenvalues of the two bulk bands around the small L gap (∼ 0.012 eV [22, 23] ). It has also been shown that slightly tuning the tight binding parameters can retain the same bulk band dispersion but opposite parity ordering at L [26] . Here we examine the band structure of Bi bulk and films in both scenarios (topological and non-topological) and identify experimental signatures that can prove the band topology of Bi.
ARPES RESULTS AND CALCULATED BANDS OF THIN FILMS
Recent high-resolution ARPES measurements on Bi showed that the surface bands of Bi connect the conduction and valence bulk bands in the same fashion as the surface bands of a topological insulator [26] [27] [28] . This connection leads to an odd number of Fermi surface con- of Bi thin films. In the 42L case, the hybridization gap is smaller than the bulk band gap, and thus at least one of the surface bands has to stay within the bulk gap. We can define a critical thickness at which the hybridization gap is equal to the bulk gap. For Bi, the critical thickness is 21L according to our calculations. We note that the experimental value of the gap size is smaller (∼ 0.012 eV), so the critical thickness for the real material should be larger than the theoretical value. Only beyond the critical thickness can the electronic structure of freestanding films reveals the band topology of the bulk material. In Sb films, the hybridization gap is always larger the the bulk gap as a consequence of topological constraint; see Fig. 3(h) . Therefore, the thickness dependence of the film hybridization gap can be used to distinguish between different bulk band topologies.
The surface states of a topological insulator are protected by the time reversal symmetry and they are robust against the presence of non-magnetic impurities and other defects. By contrast, the surface states of a conventional insulator can be eliminated by perturbations on the surface. The robustness of the surface band is, therefore, a defining characteristic of (Fig. 5(b) ). When a surface bias is applied to the top surface, the doubly degenerate surface bands split into two copies which are separated spatially on the two surfaces (Fig. 5(c) ). The surface projection in Figs. 5(d, e) clearly reveal that in the presence of the surface perturbation, each copy of the surface bands retain the same nontrivial connection to the bulk bands, unlike the case of unstrained Bi (Figs. 3(c,d) ).. This is a topological distinction. We can also see this in the semi-infinite slab simulations. The surface bands of strained Bi always maintain a dispersion that connects the conduction and valence bands betweenΓ andM no matter how strong the surface perturbation is; see Figs.
5(f-j). The strained Bi films behaves exactly in the same way as the Sb films under various surface perturbations. Therefore, the topological invariant of Bi can be detected by tracking the surface band response to surface perturbations in thin films. We note that the ARPES measurements reported in [26] [27] [28] examined the surface band dispersion under the bulk limit and strongly suggested a nontrivial band topology of pure Bi. According to our simulations, for bulk samples, Bi band topology can only be detected by showing whether or not there exist in-gap surface states around the L (M ) point. This measurement is very challenging since the L gap is very small (∼ 12 meV), and it has not been achieved experimentally yet due to the limited resolution (typically, a few meV) of the photoemission measurements. Here we provide an alternative way to probe the Bi band topology via studying thin film spectra. The average energy separation between bands in a thin film depends on the hybridization gap, which can be much larger than the intrinsic bulk band gap of Bi as shown in Figs. 5(b-d) .
The surface band response to surface perturbations can offer decisive evidence for the bulk band topology. This feature in thin films is, in principle, easier to resolve by ARPES because of the much larger energy separation between bands. Therefore, the experimental scheme we proposed in this work overcomes the technical difficulty which exists for bulk Bi samples.
SPIN TEXTURE AND CIRCULAR DICHROISM
Another interesting feature of Bi and Sb surface states is spin polarization. The topological surface states of Sb must be spin polarized, which is required by the constraint of band topology and time reversal symmetry. Though Bi is not in the topological phase, it possesses rich spin texture on its surface as a consequence of Bychkov-Rashba effect [42] and strong atomic spin-orbit coupling. Circular dichroism angle-resolved photoemission spectroscopy (CD-ARPES) has been proven as a powerful tool for probing complex spin and pseudospin texture on sample surfaces [43] [44] [45] [46] [47] [48] [49] [50] . In an CD-ARPES experiment, circularly polarized photons are used to excite electrons and the resulting dichroic patten, i.e. the difference between the ARPES spectra taken under two circular polarization modes (left-handed mode (LCP) and right-handed mode (RCP)), is closely related to the spin polarization of the surface states or surface resonances. Here we performed CD-ARPES measurements on a Bi (111) film and the experimental geometry is shown in Fig. 6(a) . The photon energy is 21 eV. We also calculated the spin texture of Sb and Bi films for a comparison. The Sb(111) surface states are typical Rashba states: the parabolic surface band splits into two spin branches with opposite spin orientations [42] . When the surface bands approach to the bulk band edge, they lose their surface character and spin polarization, and become bulk-like states.
The Rashba states are only the surface states on the Sb(111) surface as shown in Fig. 6 (b).
The Bi (111) process. We will leave this task for future work.
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SUMMARY
With the advent of nano-scale electronics, it is of great importance to study electron and spin behaviors on surfaces and thin films. Electronic systems with reduced dimensions can host novel electronic behaviors because of quantum confinement effects. The confinement effect of thin films, as we showed in this work, can create a topological band structure in Bi thin films no matter the bulk material is topological or not. This occurs when the size of the hybridization gap is larger than that of the intrinsic bulk band gap. We can define a critical thickness when the two gaps coincide in size. The true band topology can only be revealed in freestanding films when the film thickness is larger than the critical value. The main difficulty in detecting Bi band topology lies in how to resolve the surface states in the tiny bulk gap at L. We demonstrated in our simulations that one can circumvent this difficulty by studying the surface bands in thin films. The response of surface bands in thin films to surface perturbations is an indicator of band topology and, meanwhile, the quantum confinement in thin films generates sizable energy gaps between bands, which facilitate ARPES measurements. The strong surface perturbation can be realized by chemical terminations [52] . The interplay of quantum confinements and surface perturbations generally lead to a variety of band dispersions of surface electrons, which can be of interest for thin film devices.
In addition, the complex electronic and spin texture on the Bi surface were mapped out by our CD-ARPES measurements. The results, taken collectively, shed light on the intriguing electronic and spin properties of Bi, especially, in quantum dimensions. 
